Introduction
Over the past 15 years, the possibility of an intentionally released biological agent (bioterrorism/agroterrorism event) spreading rapidly through a human or animal population has raised the world' s consciousness about diseases that have existed in the animal realm for, in some cases, recorded history. Excluding plant pathogens, of the 55 listed disease agents on the United States (US) 'select agent' list, 36 are either zoonotic or animal-specific pathogens capable of causing significant clinical illness in humans, animals, or both (1) . The World Organisation for Animal Health (OIE) lists 118 notifiable diseases (2) . Divided into pathogens that infect multiple species, and those that infect specific terrestrial and aquatic animal species (i.e. cattle, sheep, goats, swine, equines, poultry, bees, fish, rabbits/hares, molluscs, crustaceans and amphibians), the list includes diseases that pose a threat to trade in animals and animal products. In total, 27 of the biothreat agents listed in the US select agent list are also OIE-notifiable diseases. Most were included in the former List A diseases as they are highly transmissible, have the potential to spread rapidly across borders and cause significant socio-economic and public health consequences. It is these characteristics that make them at once both high-risk biothreat agents and significant threats to animal and human health and well-being.
A number of good reviews on the impact of livestock and poultry infectious diseases and zoonoses have been published, focusing on a range of topics, including burden analysis, economics and epidemiology, and their role in propoor policies (3, 4, 5, 6, 7) . The different characteristics of animal diseases, including the range of hosts affected, transmission modes and ease of spread, their impact on production and survival, and the costs of their prevention and control across different geographical settings, make their review in one manuscript a difficult task. Further, the impact of an outbreak of a listed biothreat agent, while always significant, differs based on where it occurs. For example, exotic Newcastle disease can have a significant impact at the household level in an endemic, low-income setting that depends on eggs from a small flock of chickens as a source of high-quality protein and/or income stream, whereas it may be negligible at the household level in a high-income setting, where higher egg prices may be more of a temporary inconvenience. In contrast, in a high-income setting, the cost of response, control and recovery from a disease outbreak can have a significant impact on the producer and the local community and at the government regulatory level, but less impact on individual households, for which nutritional alternatives are readily available. The general pathways by which animal pathogens affect human health and well-being in high-income and low-income settings are depicted in Figure 1 .
Here, the authors focus on the impact of animal pathogens defined as high-risk, biothreat agents (so-called 'select agents' in the US) (1) in four areas: animal health, economics, food safety and security, and public health. A comprehensive review of disease impacts is beyond the scope of this article. Instead, the authors use a few, selected, high-risk disease agents -highly pathogenic avian influenza (HPAI), foot and mouth disease (FMD) and brucellosis -to illustrate the impacts of these diseases in two settings -developed, highincome settings and developing, low-income settings. The 2014-2015 outbreak of HPAI was the largest foreign animal disease outbreak in the history of the US, in both its economic impact and geographic spread. In total, 7.5 million turkeys and over 42 million egg layers were depopulated to control the disease spread (8) . Reaching broadly across the US, the 2014-2015 HPAI outbreak illustrates the potential for a newly introduced disease to severely affect a developed country, with extraordinary morbidity and mortality of infected birds and a loss of life, albeit humane, for millions of healthy birds depopulated in infected and exposed flocks.
Economic impacts
Recent studies on the economic consequences of the HPAI outbreak were published as a themed series in Choices, an online publication of the Agricultural and Applied Economics Association (8) . The series examined the impact at multiple levels, from government response efforts to the local communities that were affected. At the national level, the USDA reportedly spent US$ 879 million on identification, response and recovery activities (9, 10) . This is equivalent to 1.82% of the total poultry production value in the US. Approximately US$ 200 million of the total was spent on indemnity payments to affected producers, with the rest composed mostly of cleaning, disinfection and disposal costs.
At the local level, communities experienced both gains and losses during the outbreak. For example, while individual producers lost their entire production units and income streams (direct losses), support businesses, such as equipment providers, hotels, restaurants and transportation providers, realised short-term gains from the influx of disease responders, journalists and others. In contrast, indirect losses were experienced at the community level through decreased tax revenue; decreased need for the local agricultural support industry, such as feed companies and processing plants; transportation disruptions; loss of tourism; and various other issues.
In a country as large and diverse as the US, the size and economic complexities of the livestock and poultry industries can mean that disease outbreaks have unexpected consequences, even in one as large as the 2014-2015 HPAI outbreak. For example, the turkey industry suffered an overall loss of US$ 214 million (a decrease in returns of nearly 7%) as a result of being heavily regionalised in the Midwestern states, with far less turkey production elsewhere in the US (11) . In contrast, returns to the egg-layer industry nationwide, with significant production outside the disease outbreak region, were higher, as a result of increases in egg prices. There was an overall estimated increase of US$ 52 million in returns (representing a nearly 27% increase). In fact, returns to producers who continued to produce eggs in parts of the US that were unaffected by the outbreak more than offset the overall losses experienced by affected producers in the Mid-West (11). Related support industries, such as soybean processors, suffered large losses. If all related livestock, poultry, feed, land valuation and ancillary industries are considered in total, the loss in value and returns is estimated at more than US$ 1 billion (11).
Detailed data on the impact of the 2014-2015 outbreak of HPAI at the household level are not available. Producers affected by the outbreak were indemnified for their losses -unlike individual producers in resource-constrained countries, where the loss of an entire flock of chickens without indemnity represents a severe economic shock. Nevertheless, it is reasonable to infer that individual producer income was reduced, and that producers whose livelihoods were disrupted, even if temporarily, suffered a keen psychological impact.
The loss of animals with significant genetic value was limited in the 2014-2015 HPAI outbreaks and thus did not impact individual producers in that aspect. However, for some livestock industries, such as cattle producers, biothreat agents such as FMD virus can not only result in a temporary loss of livelihood for the producer, but can also permanently destroy generations of breeding in which genetically superior livestock are lost to the disease or control efforts.
Food safety and security
At the population level, it appears that the overall consumption of eggs in US households was not significantly affected, despite a considerable increase in egg prices, starting in the second quarter of 2015 (12) . Egg shortages in affected regions of the US were offset by the importation of eggs from other parts of the country -partly as a result of fewer exports, due to the imposition of international trade restrictions. In general, consumers weathered the shortterm rise in egg prices without changing their eating habits (11) . Despite a lack of data, it is reasonable to assume that the very poor in the US changed their eating habits during the last three-quarters of the 2015 calendar year, when egg prices were high. However, a short-term change in diet, coupled with the availability of alternative sources of highquality protein, would likely have had little, if any, longterm health effects. Again, this stands in contrast to some resource-poor settings where the availability of high-quality protein sources is limited and people, particularly children, often live their daily lives at or below the nutritional level required to stave off general malnutrition, stunting and wasting.
Public health
In retrospect, the strains of influenza A responsible for the 2014-2015 outbreak in the US were not serious threats to human health. However, at the inception of the outbreak and in the following months, public health officials worked closely with animal health regulatory authorities to monitor exposed individuals in an effort to establish firmly that human infection with these viruses was not occurring. The public health response also included a significant educational component to reassure the population throughout the US that the devastating outbreak in poultry, featured daily in both formal, established media and social media, was not of concern to them. It is fortunate that, in this case, the outbreak virus strains were benign for humans. The impact of a dual human and animal virulent strain newly introduced (naturally or intentionally) would be significantly more serious for public health. Nevertheless, the 2014-2015 HPAI outbreak in the US is a good example of the public health impact that even a newly introduced, non-zoonotic disease can have.
The impact of animal pathogens classified as biothreat agents differs by type of agent (bacterial versus viral), manner of spread (vector-borne versus airborne), whether introduced as a single-point source or at multiple locations, the susceptibility of the population, population dynamics, and many other factors. It is beyond the scope of this short review to comprehensively examine biothreat agent impact. However, the 2014-2015 outbreak of HPAI in the US serves as a recent and informative example of the impact of an animal pathogen newly introduced into a susceptible population in a developed country.
Continuing with the example of HPAI as a significant biothreat agent, the authors now examine the impact of HPAI H5N1 in low-income settings, using the African continent as an example.
Impact of animal pathogens: highly pathogenic avian influenza H5N1 in low-income settings
The direct impact that animal diseases have on survival and productivity is a major constraint to livestock-keeping in the developing world (13) . In rural settings, the proportion of livestock mortality attributable to infectious diseases can be greater than 90% in susceptible populations, and, among those that survive, the consequences of infection can extend to affecting their productivity and reproduction (14, 15) .
Economic impacts
Highly pathogenic avian influenza was first detected in Kaduna State in Nigeria in early 2006, and shortly after spread to Niger, Egypt, Cameroon, Burkina Faso, Côte d'Ivoire, Djibouti, Ghana and Togo (16, 17) . By the end of 2009, although human cases had only been reported in three countries -Djibouti (1 case), Nigeria (2 cases) and Egypt (354 cases) (18) -the threat of HPAI had a significant effect, both on the economies of those countries affected and of those suspected of having the disease.
These costs have been classified into three areas:
i) direct losses to producers and players in the value chain, through mortality and morbidity and private costs associated with risk mitigation ii) costs incurred by governments, including investments in surveillance and infrastructure when a notifiable disease occurs iii) impacts of the disease associated with market reactions to the perception of public health risks (19) .
Highly pathogenic avian influenza in Africa resulted in demand shocks (occasioned by consumer panic, leading to reduced prices in the value of poultry and eggs) and supply shock (a reduced supply of poultry and poultry products due to HPAI-associated mortality and panic culling or reduction in flock sizes) (19, 20, 21) .
A few studies have attempted to estimate the cost of HPAI in countries in Africa where the virus has been detected, as well as in countries that were unaffected. By the end of 2006, 900,000 birds on commercial farms in Nigeria had died or been culled due to HPAI, with an estimated cost of US$ 4.82 million (22, 23) . Further estimates showed that a mild infection affecting 10% of commercial flocks would cost the Nigerian economy US$ 245 million and a worse scenario would cost the economy up to US$ 700 million, in the layer industry alone (24) . When other potential losses (in traditional, extensive backyard poultry production systems; control costs for increased biosecurity, vaccinations, diagnostics and surveillance; market/consumer reactions; value chain losses from feed manufacturers to hatcheries up to wholesalers, retailers, restaurants and the catering industry) are all taken into account, estimates of losses associated with HPAI in Nigeria could be significantly higher than reported (19) .
Food security and safety
Public perceptions of the health risks during the HPAI outbreaks and scare resulted in a drastic decrease in the consumption of poultry meat and eggs. In Nigeria, the outbreak resulted in up to an 80% reduction in the consumption of poultry at restaurants and in households (22, 25) . This is a good example of where a food safety concern, whether legitimate or not, could lead to food insecurity. Although no positive cases of HPAI were detected in Kenya, incorrect media reports fuelled a panic that resulted in a sharp reduction in the consumption of poultry meat and eggs, and a loss of income for the 65% of rural farmers who kept poultry (20, 26) . It is estimated that these losses in income could lead to reduced diversity in household food consumption and a decreased intake of nutritionally high-quality proteins from poultry. This in turn could have caused an estimated 3.9% increase in the prevalence of stunting in children aged between six and 36 months (27) .
Public health
In contrast to the 2014-2015 outbreak of HPAI in the US, by July 2016, HPAI had been associated with human cases in three countries -Djibouti (one case), Nigeria (one case, one death), and Egypt (354 cases, 117 deaths) (18) . In addition to Egypt, where the disease is considered endemic, HPAI H5N1 is endemic in poultry in Bangladesh, China, Indonesia and Vietnam. Although zoonotic in nature, the public heath impact of HPAI is thought to have been limited by the inefficiency of the HPAI H5N1 virus transmission from person to person.
The short case studies above have focused on the impact of a newly introduced biothreat agent into a developed country and a low-income country, using the example of HPAI. While there is no doubt that animal pathogens in general have significant ongoing impact in developed countries in all four areas of animal health, economics, food safety and security, and public health, the endemic animal diseases that cause the most significant impacts in high-income countries are generally not considered highrisk biothreat agents. Nor are they included on the select agents list in the US or similar high-risk agent lists in other developed nations.
Exceptions to this clearly exist. For example, African swine fever has become endemic outside the African continent, including in developed countries. Additionally, select agents are generally not considered ongoing food safety concerns, due to the production systems and post-harvest processing of foods in most developed countries. Again, exceptions exist. Certainly an outbreak of anthrax would raise the food safety risk, at least temporarily.
In contrast to most of the developed world, in low-income and some middle-income countries, animal pathogens considered biothreat agents in the US, European Union member States, and other developed nations are endemic. The authors now examine the impact of these agents at the household level, in a setting in which animal production is much less centralised, and where individual households are increasingly and directly reliant on the animals they own for their livelihood.
Impact of animal pathogens in endemic low-income settings
The control of animal diseases in many countries classified as low-and middle-income is underfunded, with many diseases listed as biothreat agents in developed economies being endemic in such low-income countries. Among many others, these include diseases such as FMD, brucellosis and anthrax. Whereas, in the developed economies, investments are made into surveillance and biosecurity to prevent the introduction of these 'high-consequence foreign animal diseases' (with elimination through depopulation when outbreaks occur), in most low-income economies there is little or no surveillance, so the elimination of these diseases is still very much a matter for the distant future. The consequences of the high prevalence and incidence of these infections are felt down to the household level. Livestock production systems in these settings are largely small scale, with farmers directly dependent on their livestock for household economics, nutrition and health.
In this context, high-impact diseases include those that increase the vulnerability of livestock keepers (for example, those that cause mortality in large numbers when they occur, such as anthrax and exotic Newcastle disease), or reduce the value of their livestock (for example, Rift Valley fever); those that reduce livestock productivity and reproductive success, such as FMD and brucellosis; and those that reduce access to local and international markets, such as FMD and avian influenza (4, 13) . The relationships between livestock health and production, and household health, economics and nutritional status, have been postulated and demonstrated (28, 29, 30, 31, 32) .
Foot and mouth disease is endemic in most of Africa, with the exception of a few regions in southern Africa considered free of the disease. This is not the case in developed economies.
Although the impact of FMD in endemic areas has scarcely been studied, a recent review has examined what is known about the impact of FMD on smallholders (33) . Direct losses have been reported (34) , with up to a 15% reduction in the milk production of clinically infected animals during lactation. Among households that are directly dependent on livestock for access to nutritious animal-based foods, such direct losses in milk production can reduce their access to animal-source foods. These foods are positively associated with a reduced risk of malnutrition, better cognitive development and improved school performance (32, 35, 36) . Even in the absence of clinical disease, chronic forms of FMD have been reported as accounting for more than a quarter of total FMD losses (37) . Besides affecting the efficiency of production on farms, FMD limits the use of high-producing breeds of cattle, which are more susceptible to the disease. Additionally, its control comes with more costs to individual farmers and public resources, including the costs of vaccination, surveillance, fencing and movement restrictions (33) .
Another illustrative example of the impact of endemic disease at the household level is brucellosis. Brucellosis, caused by Brucella spp., such as B. abortus and B. melitensis, has been eliminated from domestic cattle and small ruminants in many high-income countries, but remains endemic in many countries in Africa (38, 39) . It is a complex disease affecting multiple livestock species, including cattle, goats, sheep, swine and camels, and is easily transmitted to humans through the consumption of livestock products or contact with infected material. The disease in animals is characterised by abortions and infertility, which are non-specific signs and may not be observed in all infected animals. In naïve herds, the introduction of infected animals may result in 'abortion storms', but these are less likely to be observed in subsequent pregnancies, if they occur.
These characteristics make brucellosis a difficult disease to identify and report in low-income countries, as well as a disease for which accurate estimates of the true impact on animal health and production are difficult to obtain (40) . Nevertheless, several studies have reviewed the available literature on the economics of brucellosis in low-income countries (38, 41, 42, 43) . The disease impacts have been divided into the: -costs of the illness -costs of preventing the disease in individuals and/or households and livestock herds -costs to the health sector -costs to the economy (41) .
At the household level, losses due to lowered milk production and long calving intervals associated with infertility or abortions may directly affect household access to animal-source foods and predispose them to the negative effects of protein malnutrition. The costs of treating infected herds, or healthcare costs incurred by family members infected with the disease, in addition to the loss of working days associated with long periods of illness, may add a significant burden to households in low-income countries (41, 42) . In rural households, studies have shown a strong likelihood of there being a brucellosis-seropositive person in a household that has a seropositive animal in the herd; risk factors that increase exposure to brucellosis include drinking unpasteurised milk or handling hides and skins (44) . The endemic nature of brucellosis in many lowincome countries, its mode of transmission, and the range of hosts that the pathogen can infect, including humans, make brucellosis a significant daily threat to food safety and public health at the household level in low-income settings.
Conclusion
The subset of animal pathogens classified by the OIE as being high-risk threats, due to their highly transmissible nature and their potential to spread rapidly across borders and cause significant socio-economic and public health consequences, are, for the same reasons, also recognised as high-risk agents for deliberate introduction into nonendemic countries. These biothreat agents are pathogens that affect animals and, in some cases, zoonotic pathogens that have been eliminated from many countries but which remain endemic in much of the developing world. Their impact differs, depending on the setting in which they are endemic or have been introduced.
In this short review, the authors have highlighted the impact of biothreat agents in low-income and high-income settings, using several examples in which they are newly introduced or endemic. Where relevant, the similarities and differences in the impact on animal health, the economy, food security Les agents pathogènes d'origine animale et leur impact sur la santé animale, l'économie, la sécurité alimentaire, la sécurité sanitaire des aliments et la santé publique
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Résumé
Les agents pathogènes d'origine animale revêtent une grande importance tant pour le secteur de l'élevage que pour celui de la santé publique, en raison de leurs conséquences sur la société et l'économie, sur la sécurité alimentaire, sur la sécurité sanitaire des aliments et sur la santé publique. Ces impacts sont perceptibles à l'échelle des ménages, des pays, des régions et du monde. L'Organisation mondiale de la santé animale (OIE) a établi une liste de 118 maladies animales à déclaration obligatoire en se basant principalement sur leurs conséquences potentielles pour le commerce ; néanmoins, un sousensemble de la liste concerne les maladies qui font peser un risque élevé sur les pays, de par leurs caractéristiques uniques, par exemple leur contagiosité, la rapidité de leur potentiel de propagation dans le territoire national ou d'un pays à l'autre, ou la nécessité de mettre en place une coopération internationale en vue de maîtriser leur propagation ou de les éliminer. Ces « maladies transfrontalières » sont présentes à l'état endémique dans une grande partie du monde, en particulier dans les pays en développement, tandis que d'autres pays sont considérés comme « indemnes ». Suite aux attaques terroristes du 11 septembre 2001 aux États-Unis d'Amérique, les maladies animales dites « exotiques » ainsi qu'un petit nombre d'agents pathogènes zoonotiques ont été classés dans la catégorie des « agents biologiques à haut risque ». Plutôt que de fournir un inventaire exhaustif des agents pathogènes d'origine animale, les auteurs résument l'impact de ces agents biologiques à haut risque sur la santé animale, l'économie, la sécurité alimentaire, la sécurité sanitaire des aliments et la santé publique, en illustrant leur propos avec les exemples de l'influenza aviaire hautement pathogène, la fièvre aphteuse et la brucellose. Ils examinent l'impact de ces maladies dans le and safety, and public health in these disparate settings have been noted. Figure 1 captures some of these similarities and differences.
The 2014-2015 outbreak of HPAI H5N2 in the US illustrates the impact of a newly introduced disease agent into a developed country. Similarly, the HPAI H5N1 outbreak in Africa (reviewed here as an illustrative example) and Asia significantly affected many developing nations. In contrast to these examples of newly recognised or introduced animal and zoonotic pathogens, many high-risk, animal health biothreat agents have a continuing daily impact at the household level in countries where they are endemic. Diseases such as FMD, a feared high-consequence foreign animal disease in non-endemic areas, have a direct impact on household well-being in a low-income area, resulting in reduced access to high-quality proteins from animal-source foods, reduced income from milk and meat production, and reduced overall household assets/savings. Anthrax and brucellosis have similar impacts, with the added ongoing burden of foodborne illnesses in low-income settings. These are not impacts felt by the overwhelming majority of households in a high-income country when an outbreak occurs.
contexte des pays à revenus élevés, mais aussi des pays à revenus faibles ou intermédiaires, en comparant et en détaillant les impacts respectifs à l'échelle nationale ainsi qu'à l'échelle des ménages.
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Resumen Por su influencia en factores socioeconómicos y en temas como la higiene de los alimentos, la seguridad alimentaria o la salud humana, los patógenos animales atraen la atención de los sectores de la producción animal y la salud pública. Dicha influencia se deja sentir tanto a nivel de los hogares como a escala nacional, regional y mundial. Aunque la Organización Mundial de Sanidad Animal (OIE) tiene catalogadas 118 enfermedades animales como «de declaración obligatoria», atendiendo a sus posibles consecuencias para el comercio, hay un pequeño subconjunto de ellas que se consideran especialmente peligrosas para los países porque revisten características singulares, como el hecho de ser muy transmisibles, propagarse con gran rapidez entre los países y dentro de ellos o exigir cooperación entre varias naciones para combatir su propagación o atajarlas. Estas «enfermedades transfronterizas» son endémicas en gran parte del mundo, especialmente en las naciones en desarrollo, pero también hay muchos países que están considerados «libres» de ellas. Después de los atentados terroristas que sufrieron los Estados Unidos el 11 de septiembre de 2001, las llamadas enfermedades animales «extranjeras», junto con un pequeño grupo de patógenos zoonóticos, fueron catalogadas como «agentes selectos» de alto riesgo de amenaza biológica. En lugar de ofrecer una panorámica completa de todos los patógenos animales, los autores repasan brevemente el impacto de estos agentes calificados de alto riesgo y portadores de una amenaza biológica en la sanidad animal, la economía, la seguridad alimentaria, la higiene de los alimentos y la salud pública, valiéndose para ello de los ejemplos de la influenza aviar altamente patógena, la fiebre aftosa y la brucelosis. Centrándose en el impacto de estas enfermedades en el contexto de los países de renta alta y en el de los países de renta baja o media, comparan y contrastan tal impacto a escala nacional y en el ámbito de los hogares.
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